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Local and global properties of light-bound atomic lattices investigated by Bragg diffraction
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We explore Bragg diffraction from atomic lattices bound by light as a diagnostic tool for studying properties
of optical lattices not accessible so far. A weak laser beam at a wavelength of about half the wavelength of the
lattice field is diffracted from th€100 and (130 lattice planes of a Rb optical lattice. The observation of
well-defined Bragg spots confirms the long-range order in optical lattices. From the acceptance angle for Bragg
diffraction we deduce the range over which crystalline order is preserved. The comparison of two Bragg spots
diffracted from different lattice planes allows us to directly measure the position spread of the atomic wave
packets oscillating in the light-induced potential wells. By combining conventional probe transmission spec-
troscopy with Bragg diffraction we study the motion of atoms that are deeply bound inside the potential wells.
We show experimentally and theoretically how backaction of the bound atoms on the trapping field influences
the lattice constant. We develop a model for the modification of the refractive index by the highly ordered
atomic medium. Based on first-order scattering theory the model explicitly includes the influence of atomic
localization on the resulting lattice constant. By measuring the change of the Bragg angle, we observe a
decrease of the lattice plane separation for increasing atomic density. We report experimental evidence for the
correction to the refractive index due to the finite position spread of the af@h850-294{@8)05611-X]

PACS numbses): 42.25.Fx, 32.80.Pj, 42.65k

[. INTRODUCTION studied in a regime unaccessible in condensed matter sys-
tems[7].

Atoms subjected to standing light waves with specifically Bragg diffraction in optical lattices has been reported in-
designed spatial patterns of the intensity and the polarizatiofependently by two research groups, namely, the group of
differ significantly from conventional samples of laser- Phillips at NIST in Gaithersbur§8] and our group9]. It
cooled atomic gasg4]. The atoms no longer move ballisti- became possible to extract direct information on the long-
cally but are trapped in micropotentials created by the a¢ange order imposed by the lattice field on the ultracold
Stark effect, originating from the interaction of the light field atomic sample. As schematically shown in Fig. 1, the re-
with the induced atomic dipole. The potentials form a regu-quirements for Bragg diffraction in optical lattices differ
lar, periodic structure for which, in the ideal case, symmetryffom the ones in the regime of x-ray diffraction crystallog-
will be preserved over the entire extension of the light field.raphy. Since the lattice constants are on the order of optical
Bound at definite sites the atoms form a highly ordered strucwavelengths, monochromatic laser light can be used for
ture called aroptical lattice Under these circumstances the
guantization of the atomic center-of-magsm,) motion be-

comes important, giving rise to discrete vibrational levels. lattice planes
Sub-Doppler cooling mechanisms prepare a nearly thermal \
distribution of the atoms among these levels at temperatures

of a few tens of microkelvin, where most atoms are trapped

in the lowest few state2,3]. The lattice constant in optical

lattices is determined by the optical wavelength and thus is 780 nm
three orders of magnitude larger than the lattice constants of

crystals. Hence, fundamental phenomena well known from

solid state and condensed matter physics can be fruitfully

studied in a novel regime. Prominent examples are the indi- /
cation of paramagnetic behavior in light-bound atomic lat-

tices [4], demonstration of analogies to the photorefractive
effect[5], and the realization of quasiperiodic optical lattices

[6]. By accelerating one-dimensional optical lattices, Bloch 5 1 2p schematic presentation of Bragg diffraction from
waves and Wannier-Stark ladders could be experimentallypica| jattices. The atomic lattice is formed in the intersection of

six laser beams, with the pair of laser beams perpendicular to the
L _ drawing plane not shown here. The lattice constant is determined by
*Present address: Max-Planck-Institut fgernphysik, Postfach the wavelength of the lattice fieldh(= 780 nm). Occupied lattice

10 39 80, 69029 Heidelberg, Germany. sites are represented by filled circles. A laser beam of shorter wave-
"Present address: Institutrfllaserphysik, UniversitaHamburg, length \g= 422 nm) is diffracted from the lattice planes when the
Jungiusstrasse 9, 20355 Hamburg, Germany. Bragg condition is fulfilled.
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Bragg diffraction. The scattering process responsible for th&ection Il presents the conceptual basis for the understanding
diffraction is resonant elastic Rayleigh scattering from theof our experiments. The crystallographic structure of the lat-
bound atoms. tice is discussed in Sec. Il A. Coherent and incoherent con-
In our experiments the incident probe beam for Braggtributions to the Bragg diffracted power are identified, and
diffraction operates near a transition to a higher excitedhe Debye-Waller factor for the optical lattice is introduced
atomic state at a frequency nearly twice the lattice field frein Sec. Il B. Section Il C is devoted to a simple model for the
quency. The interference between the lattice field and th&€hange of the refractive index due to the presence of a highly
Bragg beam then oscillates so rapidly that it has no effect oRrdered sample of localized atoms. Sect|_on 1l des_cnbes im-
the atoms. Otherwise additional undesired four-wave-mixin?©rtant components of our Bragg diffraction experiment: the
processes can ari§e0,11], which obscure Bragg diffraction magneto—qptlcal trap used to load the lattice, the Iattlge field
[12]. Since in the experiments presented here the optical la Tonflguratlon, the dl_ode-lgser—based source genere_mng blue
tice is not perturbed by the Bragg diffraction, the lattice ight for the Bragg diffraction, and the detection of different _
properties can be studiéd situ. An alternative, but destruc- Bragg peaks. Results of our meas_uremgnts are presented in
tive method to distinguish Bragg diffraction from four-wave S€¢- V- The relevance of Bragg diffraction for the study of

mixing was successfully demonstrated by Bikd al. [8] long-range order is discussed in Sec. IV A. Measurements of

who have used nearly the same frequency for Bragg diffract-he acceptance angle presented in Sec. IV B yield the range

tion as for the generation of their optical lattice. In their V€' which periodic order is preserved. The comparison of

experiment, the lattice beams were quickly turned off, anogr?gg pee:](s fr?r{]hd|ﬁe:ent_latt|c;etﬁlan?s é.IHOWS a preilste
the Bragg diffracted light was monitored before the lattice etermination of the extension of the atomic wave packets
had enough time to decay. Observed decay times were on ﬂp?c])und n the potential wglls via the Debye-Waller factor', as
order of microseconds shown in Sec. IV C. Using the independently determined

One might wonder if the present low filling factors in values of the lattice extension and the Debye-Waller factor,

optical lattices corresponding to approximately 99% vacan:([jhe ndurfnber t?wf atoms ac;cjualtl)y (?r?erg_cfif In tthde lattice IS ge-
cies do not prevent the observation of Bragg diffraction. In \l;%e Ar(l)(r_nd ef measure at solute dr radc € %ovc\j/e_r mS ec.
contrast to crystals, vacancies in dilute optical lattices do no ' Ind Of probe SPEClroscopy 1S described in Sec.

distort the lattice geometry, which is to zeroth order deter- E, complementing conventional t'ransmllssu')n and fluore§-
mined by the lattice field only. The low filling factors of CENCE SPEctroscopy to study atomic motion in the potential

conventional optical lattices thus do not impede Bragg dif—We”S' By precisely mapping out the Bragg condition for

fraction but may lead to additional diffuse scattering. Despite\"”mous.denSItles we determlne. expenmer)tally the change of
this diffuse scattering, the power coherently scattered int(She Igtuce constant and. eIumdatg the importance of_the
the Bragg directions exceeds the background incoherentl tomic Ic;}cahzaﬂ:)n on th.|s effect n Sec. I\; 'f: Finally, I!n

scattered into the same solid angle by orders of magnitudef. ec. V the results are discussed in view of future applica-

While spectroscopic techniquéde.g., stimulated Raman lons
spectroscopy 13] or fluorescence spectroscopy4]) have
provided much information on the dynamics of each atom at [l. GENERAL CONSIDERATIONS
its specific lattice site, our knowledge concerning their col-
lective behavior has been quite restricted. Although the
atomic densities achieved so far are still too low to expect A spin-polarized atomic lattice is created in the intersec-
much interaction between atoms located at different latticdion of three mutually orthogonal standing light waésg.
sites, hopes are raised to reach this goal in the fytitBe In ~ 2(@]. As will be explained in Sec. Il B our experimental
such strongly populated lattices one could observe collectivépparatus allows us to switch between different lattice geom-
interactions and quantum correlations of matter waves in &tries. We will concentrate on the two lattice geometries
strongly confined systerfil6]. Our work is inspired by the shown in Fig. 2, which belong to the groups of simple te-
desire to explore novel tools that let us study long-rangdragonal (s [Fig. 2(b)] and of body-centered-cubitocc)
order aspects. [Fig. 2(c)] Bravais lattices, respective[\L8].

As an example for the subtle interplay between the light We characterize the lattice structure by a conventional
field creating the lattice and the atoms acting as a polarizableubic cell with a basis consisting of two atoms at positions
medium we investigate the change of the lattice plane sep#h=(0,0,0) andd,=(\./2) (1,1,1) for the bcc structure, and
ration as a function of the atomic density. At sufficiently four atoms at d;=(0,0,0), d,=(A./2)(1,1,0), dj
high densities the backaction of the atoms on the lattice field= (A /2) (0,0,1) andd,=(\/2) (1,1,1) for the st structure.
becomes significant and influences the lattice geometry. Ta, is the wavelength of the lattice fielch(=780.2 nm in
first order, the atoms are characterized by a refractive indegur cas¢ The primitive cubic unit cell is spanned by the
that modifies the spacing of adjacent lattice planes proporvectorsa;=\ €, j=X,y,z, where theg; denote the Carte-
tionally to the atomic density. We will show that this modi- sian unit vectors along three orthogonal lattice beams. A ba-
fication is significantly enhanced by the fact that the atomsis of the reciprocal lattice is then defined by the vectyrs
are strongly localized inside the potential wells. =k_g , wherek =2m/\ . As a general property of optical

In this paper we give a detailed description of our recentattices, the reciprocal-lattice vecto can always be ex-
work on the application of Bragg diffraction to optical lat- pressed as linear combinations of the wave vectors of the
tices[9,17]. Special emphasis is posed on the use of Bragdight beams used to form the latti¢&9].
diffraction as a versatile technique for the investigation of Bragg diffraction occurs when the differendd between
important static and dynamic properties of optical latticesthe incident and the diffracted wave vector equals a recipro-

A. Structure of the lattice
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a) a)0;=57.3° b)0;=31.3°

Akq3g

C>> FIG. 3. Geometries for Bragg diffraction from tli#£00) (a) and
(130 (b) lattice planesAkqo and Ak,3q denote the different scat-
tering vectors for Bragg scattering. Angles and lengths of the scat-
tering vectors are drawn to scale.

B. Bragg diffraction

If the atoms occupy mainly the lowest-lying vibrational
levels the optical potential wells are essentially harmonic.
The potentials considered in this article are isotropic and can
thus be characterized by a single vibrational frequengy.

The unit cells of the lattice are assumed to be situated at sites
. ) . ) R. From theN lattice sites available onl|, are actually
_FIG. 2. (a_) Field _conflguratlon anc{b),(c)_umt Ce'!s for our occupied by an atom. For the near-resonant optical lattices
six-beam optical lattice at wavelengih for different time phase . . . .
. N . investigated here), /N is typically on the order of 10°.
differences. The relative time phase difference between the two - . - . .
Consider a linearly polarized plane traveling wave with

linearly polarized standing waves in the horizontal plane is denoted . . . : -
by ¢, while o is the time phase difference of the circularly polar- intensityl to be incident on the atomic lattice. The scattering

ized vertical standing wave with respect to the horizontal ones. Th@MPplitude A for elastic Rayleigh scattering from a single

¢=90°
©=90°

size of the dots indicates the depth of the optical potentials. atom is given by
7T .
cal lattice vectolG, i.e., Ak=G=ZX;m;b; where them;’s are AS:)\_z | sin(é)]al, 2
integers. This is equivalent to Bragg’'s law B
2dgCos =g, (1)  Whereis the angle between the diffracted wave vector and

the polarization vector of the incident beam, amdlenotes
the product between the polarizability tensor and the incident
where 6 denotes the angle between the incident wave vecPelarization vector. o
tor and the normal on the lattice plane given By The We assuméN, atoms to be randomly distributed among
wavelength of the diffracted light is given byg, anddg N available lattice sites, whemd equals the number of unit
=27/|G]| is the spacing between the lattice pla’nes. cells for the cubic Bravais lattice multiplied by the number
Since the basis of the unit cell consists of timc and of sites per unit cell. The powetP scattered into the solid
four (st atoms, respectively, the possible combinations oftngledo is then given by[20]
the m;’s are restricted. For the bcc structure, the condition

2
for constructive interference requires the sbipm; to be an d_P:(N_*) IAJ2| %92 2 el AR ?
even integer, whereas for the st structure the sum and addi- do N s R
tionally mz have to be even numbers. Since the incident
beam is monochromatic the number of possible diffraction +N(1— B2+ N(N_N*)) 3)
peaks is limited by the conditiojG|<2kg where kg N, '

=2m/\g denotes the wave number of the incident beam. If

we restrict ourselves to an incident light beam propagatingvhere B denotes the Debye-Waller factor an®
within the x-y plane (i.e., my=0) we find four possible =Z,exp(Ak-d,) is the structure factor of the unit cell.
Bragg diffraction geometries\g=421.7 nm in our cage Let us discuss the different contributions to the scattered
originating from three families of equivalent lattice planes.power in Eq.(3). The first term represents the coherent scat-
While from the (100 and (130) planes only second or, re- tering contribution. It is reduced by the square of the filling
spectively first order scattering may be observed, first- andactor (N, /N)? as compared to what one would expect for a
second-order scattering is possible from th&0) planegwe  completely filled lattice. The sum in this term has to be taken
use the Miller indicesrf, ,m,,m,) to characterize the lattice over all available unit cells. Only iAk satisfies the Bragg
planes[18]]. The possible directions for Bragg diffraction condition does this term yield a contribution to the scattered
can be determined by EqL). In the experiments described power that scales with? as expected for coherent scatter-
in this paper we concentrate on Bragg diffraction from theing.

(100 and the(130) lattice planes of the body-centered-cubic ~ The atomic c.m. motion inside the potential wells reduces
lattice. The corresponding geometries are depicted in Fig. 3he coherent scattering contribution which is described by
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the Debye-Waller factof=exp(Ak-x) wherex denotes the ~ The trapping and cooling mechanisms that bind the atoms
actual position of the atom’s c.m. and the bar indicates thd the lattice sensitively rely on the polarizations of the lat-
average over the distribution f21]. The atomic c.m. wave ticé beams. These, in turn, depend on the phases accumu-
function can be characterized by a root-mean-squans) !I?:‘ed by the light while passing IthFOUght\ the atomic medium.
- = 5 212 . - us, we may expect a complex self-organization process
deV|at|.0n 5R/_[().(/ R)’] ,.Where/.—X,Y,Z indicate that involves nonlocal interactions in the sense that the force
the axis of an arbitrary Cartesian coordinate system. For thgxerted on some atom may depend on the atomic medium at
distribution ofx we assume a Gaussian centered at the Iattic:gOme distant locatiofi26] %/o study the regime where this
site. In a harmonic oscillator p(_)te_nual_ this assumption is fUI'self—formation process d.evelops its full richness is a chal-
{:I)”eeg ;?ngléﬁ;gilr ggr?rgg S;Strrclek;itgc)ini.n It?]eths'ismcfl;?’ ::elenging task: experimentally, because relatively dense atomic
_XN X EXp ple f@r samples are required, and theoretically, because of its ex-
=e™ " with the exponenW given by ; L
treme complexity. However, to lowest order a quite simple
model is applicable, which treats the atoms as an inhomoge-
2 (AK,)%(6R )2 (4) neously distributed medium characterized by an index of re-
/=XY,Z - 7 fraction. In this simple picture, we only account for first or-
der scattering of the lattice beams from the periodically

Hence, an increase in temperature, corresponding to an ifranged atoms. We will see that long-range order and local-
creasing mean displacement of the atoms from the minima d¥ation yield an effective refractive index strongly differing
the potential wells, decreases the scattering amplifade  from the case of a homogeneously distributed gas.

W=

N| =

When all thesR, are the saméisotropic potentials Eq. (4) Since the optical lattices treated here operate at negative
simplifies toW= 1(AK)?(S8R)? with the rms extensioR detuning with respect to the atomic resonance frequency the
given by R=(S, 6R2) 2, index of refraction is larger than one. This results in a re-

The second term in E@3) is related to the background of duced effective optical wavelength and thus a contraction of
incoherently scattered light. In addition to the reduction ofthe attice. The degree of atomic localization as described by
the scattering amplitude, the motion inside the potentiafn® Debye-Waller factor influences the change of the refrac-

wells gives rise to an incoherent background that scales witHv€ index. The better the atoms are localized the more
N2/N [20] strongly the lattice contracts.
2 .

In the following we will derive an expression for the lat-

The third term in Eq.(3) describes another incoherent " traction. For thi lculate the refracti
contribution resulting from the random distribution of the 'C€ contraction. For this purpose we calculate the refractive

atoms among the lattices sites. If all lattice sites were occuf[-.nde).( 3xper|enced tbhy th% I:;\tuce_ be?rr]ns. rl}(nowmgf ttr;]e r;af&gc-
pied (i.e., N, =N) this term would vanish. For the realistic Ive Incex we can then determine the change of the latlice

caseN, <N its contribution is proportional to the number of constant due to the presence of the atoms. A refractive index

irradiated atom$, and can therefore still be neglected with n Iarger (smalle) than one will lead to a Sma”e("?“ge')

. : 25 . ' spacing between lattice plandsy g=2#/(n|G|). This can
respect to the first terrfproportional toNZ) if N, is suffi- : ' :
ciently large * readily be measured by a change of the Bragg scattering

. . . _ ' angle, since the deviatioA g from the Bragg anglés as
If no crystalline order is presefite., 3=0), we find that defined by Eq(1) is given by

the total scattered power is completely incoherent and is sim-
ply given by N, |Ad?. Other sources of additional back- Afg=—(n—1)cot fg (5)
ground, for example, possible contributions from a fraction

of nonordered atoms, are not treated here. Since the scatteredd is thus proportional to the atomic density.

power associated with such incoherent processes always Generally, the optical lattice is formed by traveling
scales with the number of atoms to the first power thesggnt peams E, (r)=¢,E exp(k,-r)+c.c., where *u
processes will not obscure the appearance of well-define o " "
Bragg spots. For all practical considerations we can therefor
neglect the incoherent contributions.

=M. Here,%M is a complex normalized polarization vector,
EM denotes the spatially constant complex field amplitude of
the beamu, and |k, |=k_ =2=7/\ . We wish to calculate
the total fieldE, s.o(r) scattered into the directiok, with

polarizatione,, by taking only first-order scattering into ac-

If one approaches the case where all lattice sites are ogount. This assumption certainly holds in the case of sparsely
cupied by an atom, one certainly may no longer neglect th@opulated optical lattices. Since the wave vectoysconsti-
effect of the atoms on the near-resonant lattice beams and tiete Bravais vectors of the reciprocal lattice we expect con-
effect of light-induced mutual interactions. In order of their tributions from other lattice beams+ « arising from coher-
appearance with increasing density these interactions amnt scattering of the beam into the beamx in addition to
phase effects that distort the lattice fieJ@3], multiple  the usual forward-scattering contribution resulting fr&m.
photon-scattering processes involving two or more atoms For simplicity, we assume in the following that the lattice
that lead to interatomic forcd®4,25, van der Waals inter- provides only a single type of lattice site and posseses com-
actions, and finally phenomena of quantum statistical naturplete periodic order with respect to all wave vectkysthat
when more than one atom is bound inside a potential weltepresent a basis of the reciprocal lattice. This is fulfilled for
[16]. The highest atomic densities reached in conventionahll spin-polarized four- and six-beam geometries. As an im-
optical lattices nowadays allow us solely to identify interac-plication of this assumption the polarizability tens®@g is
tions of the first kind. the same at all lattice siteR. In order to derive the first-

C. Atomic backaction on the lattice field
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derivation of Eq.(4), we then express the average of the sum

over g by the productQg,,, . As in Sec. Il B the exponent

W, of the Debye-Waller factoﬁaﬂze‘Wa# corresponding
a,scatt to the lattice plane £,, is given by W,, = %(kM
—k,)2(8R)? for isotropic potentials.

We assume that the densig=Q#,/\ is sufficiently
low such that the refractive indem, experienced by the
lattice beam alongk, is close to unity. Using Eq(6) we
derive the refractive index by calculating the phase accumu-
lated by the beana. This procedure gives the expression

E,-E

1 E, - -
Ne=1=56002 == (bR €u) Bay- v
M o

For a homogeneously distributed gas without atomic lo-
E, calization (i.e., B8,,=6,, With & denoting the Kronecker
function) we get the well-known result that only forward

scattering yields a contribution to the refractive index. In

FIG. 4. Scheme for the enhancement of the refractive index du®right optical lattices, which typically trap the atoms in the
to scattering from an ordered ensemble of localized atoms. Thitensity antinodes, the sum of all Bragg-scattering contribu-
refractive index as seen by the incoming wasgis enhanced by tions (i.e., a#u) adds to the forward scattering term,
scattering of the wavé&,, into the direction ofg,. The scattered Whereas in dark optical lattices the two kinds of contribu-
waveE,, ¢.qiS thus formed by components from forward scatteringtions subtract. Intuitively, this can be understood by the fact
of E, at the planes,, as for a dilute sample and from 90° scatter- that in bright lattices the atoms are localized at places where
ing of E,, at the planesC,u. their coupling to the light field is strongest, thereby more

strongly modifying the refractive index than a homoge-
order scattering contribution from theth beam we consider neously distributed medium. In dark lattices the atoms tend
all atomic dipoles induced b¥, and arranged on th@  to minimize their interaction with the trapping field, thus
contributing lattice plane£ Equl 1<g=Q, perpendicular to leading to a smaller refractive index. In this case the lattice
the reciprocal lattice vectdt,—k,,, and calculate the plane field will be less sensitive to distortions caused by the atoms.
wave emitted into thé, direction[27] (see Fig. 4.

In the optical lattice the atoms are arranged such that all IIl. EXPERIMENTAL APPARATUS
dipoles contribute coherently since the condition for Bragg ] _ ) o ]
scattering from one trapping beam into the other is automati- In this section we give a description of our experimental
cally fulfilled. Therefore, the spatial phase of the emittedSystem[28]. The preparation of the lattice proceeds in two
plane wave depends only on the position of a single latticéteps. First, we collect atoms of the rubidium isotdigb
site xX@, which represents the entire lattice plane. The scatfor typically 250 ms out of a background vapor by means of
tered amplitude scales with the atomic area dengjty of & vapor cell magneto-optical raMOT) [29)]. In the second
the lattice planec,,, divided by the cosine of half the scat- SteP. the light beams of the MOT are turned off with a me-
tering angled,,. The term7,,cos6,,/2 is equal to the chamcal shqtter .and the atoms interact for_ typically 30 ms
atomic area densityy,, of the lattice planeC,, perpendicular W_lth the' lattice fleld. alone to form the lattice. For conve-
to k,. We choose the same lattice site at positéH as a  NeNce, in the experiments pr_esented here the Ia’gtlce_ field is
representative for all different kinds of lattice planég, not switched Of_f d“f'”g the f|II|n_g phase. Only at h'g.h Inten-
connected with different values gf and take the sum over sities of the lattice field does this lead to a degradation of the

all corresponding scattering contributions. We then have tMOT performance.
take the sum over all contributing lattice planes along the

directionk,,, thus finding that the total scattered field is A. Magneto-optical trap for 8Rb
) The MOT provides us with an atomic samgé&most 16
E, cul)= e (Neok 7> Eu atoms of high density(some 18° atoms/cm) at a relatively
“ 2 % Ea low initial temperaturgon the order of several tens pK).
The six beams of the light field providing the MOT are
xS (e &»g(mgﬂ) ei(kﬂfka)-x(‘”, (6) slightly tilted with respect to the beams of the optical Ia;tice
q and aligned such that the atoms collect at exactly the inter-

section of the MOT and the lattice fields. Both fields are
whereg, is the dielectric constant in vacuum. negatively detuned with respect to the closed-cycle hyperfine
We account for the imperfect localization of the atoms bytransition 55,,(F=3)—5P5,(F'=4) (F=total angular
assuming that the position vectors in the second sum of Eqnomentum of the rubidium D, resonance line af\
(6) can be written ax(?=R+ SR whereR denotes a real =780.2 nm. Since atoms might eventually leave this cycle
lattice site[exd (k,—k,)-R]=1] and R is a small random by off-resonant excitation to other hyperfine excited states, a
deviation that follows a Gaussian distribution. Similar to therepumping laser beam resonant with a transition from the
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— probe ing waves. An active stabilization allows us to adjust the
Rb lattice detection phase differences to any desired value, therefore enabling us
L to switch between different field geometries as described in
D ) Ref.[33]. All optical components are cemented to a stainless
steel base plate to guarantee high passive stability of the
phase difference&rift <10 degrees/min without stabiliza-
probe %
beam e
A\

tion) so that a low-frequency servo loop is sufficient to sta-
bilize them.

To create the light shift potentials the frequency of the
lattice field is tuned to below the resonance by some line-
widths I' (I'/27=6 MHz). In such bright optical lattices
polarization gradient forcg®] cool the atoms into the anti-
nodes of the intensity where the light field is purely right-

=/ Pes circularly polarized. Thus, the trapped atoms are pumped

into the outermost Zeeman sublevel= + 3 (quantization

time phase a>.<is alongz) cregting a spin polarization of the lattice. In
detection Fig. 2 the two lattice types corresponding to 0° and 90° time-
phase difference between the vertical and the horizontal
standing waves are depicted. In both cases, the two horizon-
tal linearly polarized waves oscillate with a relative phase
difference of 90° leading to a two-dimensional polarization

MOT beams. By changing the intensity of the repumpingpattem of alternating linear and circular polarization as de-

. cribed in Ref[34]. The depth of the potential wells and, as
beam we control the number of atoms loaded into the MO'IS . .
and subsequently into the lattice. Since the rubidium MOT2 consequence, the energy spading, of the vibrational

operates in the density limited regirfi@0] the initial density levels arfe func:_tlohs of the I_aserAdetunlng from resor?ahce
in the lattice decreases only marginally with decreasing num@nd the intensity in the antinodés To a good approxima-
ber of trapped atoms. Typical values of the magnetic fieldion, we find that the oscillation frequency scales @
gradient are on the order of several Gauss/cm in all experix \/% [35]. The laser frequency is stabilized by polarization
ments presented here. The Earth’s magnetic field is carefullgpectroscopy in a rubidium vapor glass cell at room tempera-
compensated by three orthogonal pairs of coils placed alontyre. Detunings ranging from O up te 10" can be adjusted
the 40-cm-long sides of a cube. with a long-term stability of better than 1 MHz. In our ex-
To provide optical access to the atomic lattice along theperiments potential depths of up to 10 MHz for the bcc struc-
directions of Bragg diffraction, we have constructed a stainture and 6 MHz for the st lattice are achieved.
less steel vacuum chamber with octagonal cross section dif- In order to perform probe transmission spectroscopy
fering from the chamber used in previous Munich experi-[36,35 on the bound atoms, a weak linearly polarized probe
ments on optical lattice$31]. Indium-sealed high-quality beam is split from the lattice beam and sent through the
windows are placed at each surface of the chantbigtht  atomic sample along the horizontal plafé Fig. 5. Before
windows at the sides of the octagon plus one above andntering the vacuum chamber the beam is passed through
below). The residual pressure of the vacuum system is detetwo acousto-optical modulatoréAOM, A.A model MTS
mined by the rubidium partial pressure of about §@nbar ~ 1200. The first AOM shifts the frequency by 80 MHz
and can be increased by heating the rubidium reservoir.  provided by a quartz oscillatofA.A model 80.B46. The
second AOM shifts the frequency back by a frequency tun-
B. Optical lattice at 780 nm able betweent 75 and+85 MHz generated by a voltage-
controlled oscillatoAvantek VTO 9020. This allows us to
scan the probe frequency around the frequency of the lattice
field, while preserving the phase coherence between probe
! . and lattice beam. The transmitted probe intensity is recorded
f||tgred and sent throggh.an electro—opt.lc mpdule(E‘@M), by a photodiode. Probe transmission spectra are taken in real
which allows fast switching of the lattice field as well as ime during the lattice phas@can time 10 ms The Raman

precise adjustment of the intensity. The beam is then Spl'iesonances induced by the probe beam serve as a monitor

iDtSO 2three borthogonal fretlror_eflecttt)ad bearFsefldiagter signal for fine adjustment of the time phase differences and
T mrﬁ y means of polarizing beam splitter cut(' S .. the determination of the oscillation frequency.
in combination with half-wave plates to adjust the intensity

in the individual arms of the lattice field. In the two horizon-
tal x andy branches the same power oscillates while half this
value is fed into the verticat axis. In the horizontal plane The frequency of the incident light for Bragg scattering is
both waves are linearly polarized in the plane of propagationgchosen to be close to theS§,— 6P, transition athg
while the standing wave along the vertical axis is right-=421.7 nm, thus enhancing the scattering cross section. The
circularly polarized. In this configuration the potentials aretransition has a natural linewidth of only 1.3 MHz. To gen-
isotropic in the case of the bcc lattice. Piezomounted mirrorgrate tunable, narrow-band laser light at 422 nm in a simple
control the relative time phase differences between the stanget reliable manner we have realized a very compact

FIG. 5. Experimental setup for the optical lattice.

other hyperfine ground statesh,(F=2) to the excited state
5Pg(F=2,3) is coupled into the chamber collinear with the

Figure 5 shows a schematic drawing of the lattice field in
the horizontal plane. The outcoupled beéypically 15 mW
powel from a grating-stabilized diode lasg82] is spatially

C. Laser source at 422 nm
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sensitive detectiop. FIG. 7. Experimental geometry for Bragg diffraction from the

(100 and (130 planes of the optical lattice.

frequency-doubled diode laser system shown in Fig. 6pance of the doubling cavity is actively stabilized to the laser
which is inspired by a design of Zimmermaenal. [37]. It giode frequency by means of a polarization metft]. We
consists of a grating-stabilized laser diode at 843[82] ;5 ejther scan the blue output frequency up to 4 GHz in 10
(power 15 mW, which is fed into a small ring resonator in g oy stapilize it to a tunable, low drift Fabry+@eetalon to

bow tie geometry to enhance the power of the fundamental-pieve high drift stability over long time periods.
wave. As we shall see later, for some applications in Bragg

scattering, e.g., to address all atoms trapped in the optical
potentials, it might prove useful to increase the laser band-
width to values on the order of the potential depth. By sim-  The blue laser beam is split into two independent beams,
ply adding white noise to the injection curremnbise genera- which are both collimated to a waigt, of 2.5 mm by pass-
tor NoiseCom NC20¢we can adjust the linewidth of the ing through a telescope consisting of two lenses with positive
blue laser to values from around 1 MHz up to around 10focal length. The diameterv, of the beams is thus much
MHz. larger than the extension of the optical lattice. The resulting
As depicted in Fig. 6 the resonator consists of two curvedlivergenced =\g/(7w) is 5.5<10 2 mrad. The intensity
mirrors (radius 25 mm separated by 31 mm and two plane is attenuated to around 2QOW/cn?. The low intensity en-
mirrors closing the light path yielding a free spectral range ofsures that scattering occurs exclusively into the elastic com-
1770 MHz. One of the plane mirrors has a reflectivity of ponent of the fluorescence spectrpure Rayleigh scatter-
96% at 843 nm and serves as an input coupler. All othemg).
mirrors are high reflectors for the fundamental wave. The The beams cross the optical lattice in the horizontal plane
output coupling mirror for the blue light is additionally anti- enclosing an angle of 32.7° and 12.9° with the closest lattice
reflection coated for 422 nm. Thmw tiegeometry results in  beam, respectively, as shown in Fig. 7. Following ERQ.
two foci. The 6-mm-long nonlinear crystal (KNgpwith an  these angles correspond fg o= 57.3° [reflection from the
antireflection coating at 843 nm on both surfaces is placed d100 plang and 6(3;,0=31.3° [reflection from the(310)
the site of the smaller focus located half-way between thelang (cf. Fig. 3. In order to vary the incidence angle over
curved mirrorgsee Fig. 6. The crystal is cut along the crys- several degrees while still keeping the beam centered on the
tallographica axis. The fundamental wave is polarized alonglattice, a mirror is placed inside each telescope such that the
the b axis to benefit from the large nonlinear coupling coef-outcoupling lens of the telescope images the mirror onto the
ficient d,5 (in standard notatiofi38]) for the harmonic wave lattice (see Fig. 7. Fine adjustment of the incidence angle is
polarized perpendicular to the fundamen{&@9]. Phase achieved by a piezocontrolled mirror holder enabling us to
matching[38] between fundamental and harmonic wave isscan the incidence angle in the horizontal plane over a range
achieved by stabilizing the crystal temperature-tb9 °C by  of 2.5 mrad.
means of a Peltier element that is driven by a Pl feedback The scattered light is detected by photomultipliers
loop using the current of a temperature sensor as an inpiHamamatsu R92860 cm away from the optical lattice at
signal. The crystal is directly placed onto the Peltier elementhe expected diffraction anglgsee Fig. 7. For a typical
with heat-conducting grease. To prevent formation of ice atattice extension oD=1 mm the condition for Fraunhofer
the crystal surfaces the resonator is shielded from air currentiffraction L<D?/\g yields distances. of larger than 2 m
by a plastic box purged with nitrogen at very low flux. between the detector and the lattice. The angular width of the
A 60-dB optical isolator prevents undesired optical lock-Bragg spot can thus not be directly related to the lattice ex-
ing of the diode laser to light scattered into the counterpropatension since the size of the diffracted Bragg spot is signifi-
gating ring cavity mode. A convex lens of 300-mm focal cantly larger than its diffraction limited size. An iris aperture
length focuses the diode laser beam onto the larger resonatior front of each photomultiplier covers a detection solid
focus for spatial mode matching. In this way, 70% of theangle of 5<10 # sr chosen much larger than the expected
diode laser output power is typically coupled into the cavity.divergence of the diffracted beam. Stray light and fluores-
The power of the fundamental waye10 mW) is enhanced cence from the atomic sample at 780 nm are blocked by
by a factor of 30 inside the resonator, creating up to G0  bandpass filters at 422 nthandwidth 10 nm, Anders Opiik
of outcoupled power in the second harmonic in a TEM If the incident beam is adjusted according to the Bragg
mode[40]. The outgoing beam passes through a blue filter tacondition we observe a strong increase of the scattered light
separate the harmonic from the fundamental wave. The resaluring the lattice phase as shown in Fig. 8. Since the lattice

D. Setup for Bragg diffraction
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FIG. 8. Total diffracted power during the lattice phase and thethe inci@ent blue light. The ir_mid_ent beam is linearly polar?mdn_
loading(MOT) phase for thé100) (dashed linand the(130) (ful the .horlzontal plango( polarization and (b) along.the vertical di-
line) Bragg spot, respectively. The MOT field is turned off for 10 r_ectlon (m poIa’rl_zatlor). The, r_esonance_ frequenc!es_of the, B(F
ms att=0. Fulfillment of the Bragg condition manifests itself in a =3)—6Py,(F'=2) and ¢'=3) transitions are indicated above.

strong increase of the scattered light into the Bragg directions dur--rh,e different size of the resonances(& reflects the line ;trength
atio of 1:5. The observed resonance at higher frequencigs for

ing the lattice phase. The difference in the diffracted power is duéh - L o . | han th
to the different Debye-Waller factors for the two Bragg directions, N® F=3—F'=3 transition is about 12 times larger than the cor-

Some coherent diffraction can also be observed during the Ioa\dinbesmn,Ollng rlfson_ance for pola[]lzatlon as expect_ed lfor Rayleigh
phase since the lattice field is not turned off then. Scattering taking into account the transition matrix elements.

quencies of the two hyperfine transitions from the=(3)

field is present during the loading phase, we find some coground state to theH’ =2) and ' =3) excited-state levels,
herent scattering also during loading, indicating that the latrespectively. If the polarization is turned by 90# polariza-
tice field induces a certain degree of long-range order evetion, Fig. 9b)] the most striking feature of the spectrum is
with the perturbing MOT field preserisee Fig. 8 The dif- the disappearance of the resonance at lower frequeRcy (
fracted power during the MOT phase is strongly dependent3—F’=2). Our Bragg diffraction signal must therefore
on the lattice depth and reaches values of up to one-third d¥riginate from a periodic density distributign,_- .5 of at-
the power diffracted in the lattice phase for the deepest latems in the F=3,mg= * 3) ground states since these are the
tices investigated here. If the lattice field is turned off duringonly ones not coupled to the’ =3 excited state. The total
loading the Bragg diffracted power exceeds the backgroundpatial density distribution of the trapped ground-state atoms
during the loading phasgMOT field on, lattice field off by  py(r) can be written as the sum over those of the different
at least three orders of magnitude. To our delight we caeeman sublevelsi:: pi = = pm . In @ pure spin lattice,
watch the Bragg spot, even with unaided eyes, as bluenly certain of thep,,_ would show long-range order without
flashes from the atom cloud when looking into the chambepecessarily implying long-range order in the total distribu-
along the Bragg direction. tion p.. From Monte Carlo simulationg$2,43 we expect

The oscillator strength of the;,— 6P, transition is  that almost all atoms in the lattice are pumped into the out-
170 times smaller than the strength of e line. Absorp-  ermost Zeeman sublevel, i.g,= Prme=+3- Consequently,

tion of the incoming beams is negligible for the densitieos WEur observation of Bragg diffraction reveals the crystalline
achieve in the lattice even at resonance0(1% for 16 order of the total density distributiop(r).

atoms/cm). Therefore diffuse scattering of the incident By blocking the lattice beams along teaxis and keep-
beam need not to be taken into account since all Bragghg the time phase difference for the standing waves in the
planes contribute equally to the diffracted signal. This is anhorizontal plane at the same valug+90°) one switches
other important difference from the experiment of Bieklal. ~ from the spin-polarized bcc lattice to an antiferromagnetic
[8] where the Bragg beam acted on the strindine. Inthat  two-dimensional configuration with two face-centered square
experiment the number of contributing lattice planes wadattices. The trapping sites for atoms of antiparallel spin are

limited due to significant attenuation. interleaved. For th€10) lattice planegcorresponding to the
(100 lattice planes in the three-dimensional dasely the
IV. RESULTS number of available lattice sites is increased by a factor of
two, whereas in thé13) direction the spacing between the
A. Long-range order lattice planes is now decreased by a factor of two. Destruc-

ive interference arises in the latter case, and indeed no
ragg diffraction is observed for th@&3) direction while the
élO) Bragg spot is preserved. This again indicates that the

gtehnesrltétgﬁce:rgbosre?vyaa ereegular;:pr?gt?é Tn%d;gﬁ'tonegofom observed Bragg diffraction is due to the regular density dis-
9. 9 ' ’ tribution of localized atoms.

possibly by a mixture of both. We have addressed this ques-
tion experimentally. In Fig. 9 we show spectra of the dif- , _
fracted intensity for two orthogonal linear polarizations of B. Extension of the lattice

the Bragg beam. For the polarization in the horizontal plane An important quantity to be investigated is the range over
[o polarization, Fig. 88)] two resonances appear at the fre-which long-range order is preserved. The extension of the

One may ask whether the regular structure detected b
Bragg diffraction in optical lattices is formed by a spatial
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atomic lattice is not necessarily equivalent to the size of the S 500
atomic cloud as derived, e.g., from a fluorescence image. It is < 400
still an open question how many atoms are actually localized 2 300
in the lattice and how many form a kind of molasses without 2
. . . . . . o 200
periodic order. Section IV D will address this question in 2 100
more detail. In the ideal case, the maximum size of the lattice b
should be given by the lattice beam diameters. But perturba- © %6 T 00 02 07 06
tions in the phase fronts of the laser beams may distort the S mead
lattice field, thus reducing the maximum possible extension. 1.0 b
To determine the diameter of the lattice we measure the T o9l o -
total diffracted powelP as a function of the incidence angle % L
0,,. The detection solid angle is chosen large compared to g 08y .
the width of the Bragg reflex, which is centered around the § o7k .

angle 6 satisfying the Bragg condition for the correspond- .-

ing G. To calculateP(6;,), we assume a Gaussian probabil- s s s :
ity distribution [44] proportional to expf4R?/D?) for find- 0 too2 8 4

. . . number of localized atoms (107)

ing an atom at a sit® where we calD the diameter of the

lattice that indicates the range over which long-range order is FIG. 10. (a) Diffracted power vs incidence angle for X@0’
preserved. We neglect any incoherent background terms anekalized atoms. From the acceptance angieone deduces a lat-
obtain tice diameter of 94Q.m. (b) Diameter of the lattice as a function of
the number of atoms initially loaded into the lattice. The indicated
errors are systematic errors representing the uncertainties in the
scaling of the axis.

dpP 1
T =Nladpe] -~ gak-20f| @
by incorporating the Gaussian density distribution into Eq.with the diameter of the atomic cloud in the MOT before it
3. was loaded into the lattice. As expected for a MOT in the
If we satisfy the Bragg condition in Eq8) we find a  density-limited regime the diameter steadily increases with
Gaussian angular distribution for the diffracted radiationthe number of trapped atoms. In all cases the measured size
with a diffraction-limited 1&* width given by Ag/7D. In-  of the atomic lattice is much smaller than the interference
tegrating Eq(8) over the solid angle covered by the detectorpattern of the three standing waves as given by the lattice
(which is assumed to be much smaller tham But suffi-  peam diameters. In addition, we have found no evidence for
ciently large as to completely cover the Bragg pegiklds  |imitations of the lattice extension due to phase distortions of
the diffracted powerP(6;,) as a function of the angle of the lattice field.
incidenced;,. Varying 6, in the plane perpendicular to the  After being loaded into the optical lattice the atomic cloud
lattice plane[45] we find to lowest order will expand since the strong restoring forces of the MOT are
no longer present. By analyzing the temporal evolution of
the acceptance angle it is therefore possible to follow the
expansion of the lattice and to gain useful information on
transport properties in optical lattice46]. We are currently
where the 1 angular widthA 6,, is given by preparing a study of this phenomenon and the results will be
discussed elsewhere.

2 2 L 2
P(am>=NilAS|2;(%) ﬂzexn[—8( 0'2,,_96) , (99

4 Ag

AOpp=— ——s, (9b)
™ D sin 20 C. Atomic localization inside the potential wells
where we have assumelg [as given by Eq(1)] to be sig- Besides the possibility to measure variables concerning
nificantly larger than\g/D (Ag/D=<10 2 in all realistic  global properties of the lattice like the spatial extension,
cases Bragg diffraction gives one the opportunity to investigate

Figure 1@a) depicts an example of the dependence of theaverage properties of an atom in a single potential well. In
Bragg diffracted power on the incidence angle. The resultingparticular one may infer information about the mean position
resonance can be well fitted by a Gaussian. The measuregread of the localized atomic wave packets. This is due to
width of the angular resonance is much larger than the divethe dependence of the Debye-Waller factor on the atomic
gence angle of the incident beam, which can therefore btcalization as described by E@}). In principle, it would be
neglected. The width of this resonance yields the lattice expossible to deduce the atomic position spread by recording
tension via Eq(9b). the intensity diffracted into a single Bragg spjd8]. Never-

As described in Sec. Il A we change the initial size of thetheless, to minimize experimental uncertainties we employ a
atomic cloud by varying the number of atoms trapped in themnore elegant method using Bragg diffraction from two dif-
MOT. Figure 1@b) shows the diameter of the lattice versus ferent sets of lattice planes. From Eg) and Eq.(9a) it
the number of localized atoms, which is determined as willfollows that for larger values oAk less intensity will be
be shown in Sec. IV D. The acceptance angle was measureattered into the Bragg direction for a given atomic position
directly after loading the atoms into the lattice. The corre-spread. To be able to use the Debye-Waller factor for a quan-
sponding extension of the lattice should therefore coincidditative determination of the position spread we have to make
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two assumptions about the energy distribution of the local
ized atoms. First, the localized atoms have to predominantl
occupy low-lying vibrational levels where a harmonic ap-
proximation to the potential can be used. For an atomic

sample at a typical temperature of some tef and optical

potentials with a depth of several MHz this should readily be

the case. Second, the energy distribution is assumed to

thermal. For bright optical lattices this has been justified by,[e

several experiment&ee, e.g9.[47)).

The sensitivity of different Bragg reflexes on a variation

of the atomic localization may differ significantly. This is

due to the exponential dependence of the Debye-Waller fa

tor on the rms extension of the localized wave pacléRs

compared to the spacing of the lattice planes. In our exper

ment we use th€100) and (130 lattice planes for Bragg
diffraction. Given a thermal distribution in isotropic poten-

tials and equal single atom scattering amplitudes the coniy

parison of the total Bragg diffracted poweP 61o5) and
P(6(130) Yields the mean absolute value of the atomic posi
tion spread. Combining Eqgél), (4), and(9a) we get for our
choice of lattice planes

12
[In P(6(109) —In P(6(130) ]

2
)\L

SR=
2472

(10
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sity of the lattice field while the detuning was kept fixed at
—9I'. One observes a decrease of the position sp@d
with increasing vibrational frequency down to a value of
N/7.5 at a frequency of 180 kHz.

Knowing the mean atomic position spread we can calcu-
late the vibrational temperature in the optical lattice by
means of a simple harmonic oscillator model. In an isotropic
harmonic potential the relation between position spread and
vibrational temperature is given by

1/2

hiwip
coth——| (11

OR= 2K T

mevib

with m being the mass of the atom akg denoting Boltz-
mann’s constant.

In Fig. 11(b) the corresponding vibrational temperature
for each data point in Fig. 14) is plotted versus the poten-
tial depth U, using Eg. (11) and the relation U,

2 JwZ;, which is valid for our lattice geometry.
The solid curve in Fig. 1(b) is a linear fit to the data points

yielding a dependence of the temperature of the farm

=Ty+ aU,. By taking the linear functional dependenceTof

leon the potential depth and using Efj1) one obtains the

solid curve in Fig. 1(a).

Our finding that the temperature in an optical lattice in-
creases linearly with the potential depth is in qualitative
agreement with temperature studies recently performed at
ST by Gatzkeet al. [47]. In the NIST experiments the
mperature of a Cs optical lattice in four beam geometry
was deduced from the mean velocity after releasing the at-
oms from the lattice. In addition, Gatzlet al. have deter-
mined the position spread of the atomic wave packets in the

Tattice by heterodyne fluorescence spectroscopy and found it

to be independent of the potential dep#v]. This clearly
differs from our results as shown in Fig. (Bl and can
mostly be attributed to the fact thay in the Cs lattice is
smalller by almost a factor of three. Nevertheless, the depen-
dence of the temperature upon the potential depth given in

Ref. [47] implies that the position spread in the Cs lattice

should also increase for very shallow lattice potentials. Our
method to determine the position spread, i.e., by comparing
the intensities diffracted into two different Bragg directions,
seems more reliable for shallow potentials. This is due to the
fact that our method does not involve the scattering of pho-
tons from the lattice field itself, which is naturally reduced in
shallow optical lattices.

Since we know the reciprocal lattice vectors we can de-

termine the localization by measuring the total Bragg dif-

fracted powersP(6100) and P(6130). To avoid problems

D. Total number and density of localized atoms

with fluctuations of experimental parameters, such as the Having determined independently the extendibof the
number of atoms or the light intensity, we record the twoatomic lattice(Sec. IV B) and the Debye-Waller factog
intensities simultaneously as shown in Fig. 8. Care is takeffSec. IV Q we can now use Eq9a) to estimate the number
to adjust the intensities in the different arms of the opticalof localized atomsN, from the measured absolute value of
lattice and the relative time phases to assure that the resultirige total diffracted power. This number might differ from the

3D potential is isotropic.

number of atoms initially loaded into the optical lattice be-

Figure 11a) shows the experimental values of the atomiccause the atoms are spending part of their time in states with

position spread as determined by means of @) versus

the vibrational frequency of the optical potentials. The vibra-

very high momentum, i.e., nonlocalized stafd§]. Experi-
mental indication for a partition of atoms in nonbound states

tional frequency for each data point is measured by convenin optical lattices is reported in Ref48]. Measuring the
tional probe transmission spectroscopy as described in Seffuorescence or the absorption during the lattice phase yields

[Il B. The potential depth was adjusted by varying the inten-

no information on the fraction of ordered atoms. These mea-
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surements do not even provide the total number of atoms
since the mean polarization of the nonlocalized atoms is un-
known. The power diffracted into a Bragg peak contains no
contribution from the nonbound partition and is therefore

well suited to investigate this problem. To ensure that all

bound atoms contribute to the diffracted sigh#d] the laser b)
bandwidth has to be larger than the potential depth. We
achieved this by frequency modulation of the diode laser as
explained in Sec. Il C.

In the following example we calculate the number of lo-
calized atoms based on the experimentally determined pa-
rameters for the spectrum shown in Fig.(d0Q where the
vibrational frequency has been 90 kHz. The scattering am-
plitude in Eq.(2) contains the atomic polarizability, which
we derive from the dipole moment of the transition. For the -
7 polarized incident beam we get the the polarizabilig b detuming (ks
=3.67x10 22 m®. For a lattice with an extension db
=0.95-0.01 mm and an atomic position spread &R FIG. 12. Probe-induced resonances(& the probe transmis-
=(0.171+0.008)\, we measure a total power diffracted sion, and the power diffracted from tite) (100 and the(c) (130
from the (100 plane Ofpﬁ(mo): (470+190) pW. Uncertain- lattice planes. The resonances yield an oscillation frequency for the

ties in the absolute calibration of our photmultipliers mainly Potential wells of 90 kHz. The resonances in the Bragg spectra are
contribute to the estimated error. The intensity of the incom-mUCh narrower and show less anharm_o_mcny. In(t&0) spectrum
ing beam was (23624) ,uW/sz, uniformly distributed even the third sidebands can be identified.
over a frequency interval of 193 MHz. Since the linewidth ) ) ) ) )
of the transition equals 1.3 MHz, we assume an effectivd@POVe the lattice field frequency since lower-lying vibra-
intensity of 31 10 uW/cn? for the calculation of the scat- tional levels are more populated than higher-lying ones.
tering amplitude. Equatiof®a yields (3.6= 1.1)x 10’ as the . From the positions of the first resonances in the transmis-
number of localized atoms. This has to be compared with th§!0N SPectra we extract the oscillation frequency along the
number of almost 10atoms trapped in the MOT, which we probe beam and thus Qet_ermlne the depth of the potential
deduced from the fluorescence during the MOT phase avells. The p_ro_be transmission spectrum therefore allow_s one
suming random distribution of population among the Zeel0 Clearly d|st|ng_wsh. betweep dlfferen_t tlme phase dlff(_er—
man sublevels. ences of the lattice field, V.VhI.Ch result in different potential

It becomes obvious that the large systematical errors red€Pths. However, a quantitative analysis of the spectra be-
lating the measured power to the absolute number of atomf®Mes a difficult issue sinaall populated bound levels con-
impede a clear statement on the actual fraction of atoms IdfiPute to the signal. Higher-lying, i.e., less tightly bound
calized in the potential wells. Furthermore, at the presenBla!€S, experience a large anharmonicity. Although these
state of our experiment we can provide no reliable estimatStates are less populated than the low-lying states, they con-
on the transfer efficiency from the MOT into the lattice. (fiPute significantly to the Raman signal because of their
However, since the diffracted power scalesNﬁ [cf. Eq. larger trans[tlon matr!x glement(szranck-Condon overlap
(9a)] it provides an excellent signal for comparing tinela- [34]. Extracting quantitative information about the tempera-

tive) number of localized atoms. This is used in the experi-ture or the position spread in the lattice is therefore quite

. . ._difficult if not impossible.
][:;(Tgt\?vﬁi?:plcg:gI(rj]gstchr?bggcgzgtl?\r) |(:)f the atoms on the Iatt|cg The dependence of the Debye-Waller factor on the posi-

tion spread of the bound atoms can be utilized for a combi-
nation of probe spectroscopy with Bragg scattering. In a
classical picture the time varying interference pattern be-
Several techniques have been demonstrated to investigatgeen the probe and the lattice field parametrically drives the
the atomic motion inside the potential well43,14,1Q. oscillatory motion of atoms bound in the potential wells.
Probe transmission spectroscopy has been proven to beTis process becomes resonant when the interference pattern
particularly convenient way. When the frequency differenceoscillates at the atom’s vibrational frequency. The amplitude
between the probe and the lattice fields matches the separafthe atomic motion is increased along the directioof the
tion between two vibrational states, photons are exchangeprobe beam leading to an increase &®,. Quantum me-
between both fields due to stimulated Raman transitions beshanically, probe-induced Raman transitions are accompa-
tween different vibrational statd86]. Since the atoms are nied by a population transfer from a lower, more strongly
bound at points of pure™ polarization the probe polariza- populated vibrational level to a higher, less populated one.
tion has to lie in the horizontal plane (polarization to only ~ As a consequence, the Raman process always increases the
couple vibrational levels in then-= + 3 potential via stimu- mean spatial extension of the atomic c.m. wave function
lated Raman transitions involving one photon from each ofalong the probe beam, i.edR, in Eqg. (4) increases. From
the lattice field and the probe. As shown in Fig(d2these Eq. (3) it follows that the power diffracted into a Bragg spot
transitions lead to amplifyingabsorbing resonances in the must decrease. Due to the exponential dependence of the
probe transmission when the probe frequency is belowebye-Waller factor on the localization, mainly population
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changes of low-lying bound states manifest themselves in the
decrease of the Bragg diffracted power.

The effect is demonstrated in Fig. 12 where we have
scanned the weak probe beam while simultaneously record-
ing the transmitted probe power at 780 nm, and the total
Bragg diffracted power at 422 nm for both tfE00) and the
(130 Bragg reflex, respectively. The resonances in the dif-
fracted signal are much narrower than the corresponding
resonances in the probe transmission spect@mnr80 nn),
particularly for the second Raman side band ne&w,, .
Furthermore, the resonances at 422 nm exhibit much less o 2 4 6 8
anharmonicity, seen by the fact that the second sidebands peak density (1070 atoms /om?)

appear almost exactly afi2wvib. In Order_ to check whether FIG. 13. Shift of the Bragg angle as a function of density. The
these resonances are induced by an increase of the wavgsiig line is a linear fit to our data. The shaded area represents a
packet extension along the probe direction we have repeate@nfidence interval for this fit including the uncertainties of the
the experiment with the probe beam perpendicular to thelensity measurement and the calibration of the Bragg angle. The
(130 lattice vector. In this case the Debye-Waller fadteg.  uncertainties as indicated are mainly due to the error in determining
(4)] for the (130 direction is not modified by the probe the density and to a lesser extent to the calibration of the Bragg
(6R,=0), and we indeed observe that the probe-induced‘ngle- The dashed line marks the expected change of the Bragg
resonances in thél30) Bragg spot do not appear. angle including thg enhancement dge to th.e localization of the at-
These observations confirm that mainly the lowest boun@MS (R=0.18,) in an ordered lattice, while for the dotted line
states yield a significant contribution to the probe-inducednis enhancement is discarded.
Bragg spectrum. This selectivity gets more pronounced if the . .
spa?:igngpof the lattice planes f0>r/ Lg;ragg diffrgction is smaller.0 the angular spectra, which, together with the nu3r11ber of
This explains why even third-order sidebands are distin0MsN,., yields the peak densitgo=N, /[(\/;/2)9] 20f
guishable in the probe-induced spectrum of (ha0) reflex the Gaussian density distributio(r) = @oexp(—4r</D*).
shown in Fig. 120). Thus', the series of :?m.gular spectra represents a self-
The selectivity of the probe-induced resonances on atom@onsistent data set providing the Bragg angle versus the peak
deeply bound in the potential wells also becomes apparerftensity. _ o _ _ _
when we heat the lattice by tuning the lattice field closer to _ The resultis shown in Fig. 13 for an optical lattice with a
resonance. In this case, most of the population is transferregbrational frequency of 80 kHz. The Bragg angle increases
to higher-lying vibrational states. The Bragg spectrum van/inearly with the density as expected from E®), which
ishes while the probe transmission spectrum is still preserveBroves that the spacing between t1€0 lattice planes has
but shows significantly broadened Raman resonances, ingactually decreased. At the highest densities the measured

N W A O O
S & &5 & 3
T T v T *© 1T * 7
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\

shift of Bragg angle (urad)
)

-
o
T
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cating that atoms are still bound in the lattice. change of the Bragg angle can be directly translated into an
average reduction of the lattice spacihgyg=390 nm by 40
F. Modification of the lattice constant due to atomic backaction ~ P™M

In general, the nonuniform density distribution in the op-
From our discussion in Sec. Il C it follows that variations tical |attice leads to a variation of the lattice spacing over the
in the density of trapped atoms change the refractive indeXatomic sample. Similar to the Debye-Waller factor, a non-
which, for red detuned optical lattices, becomes apparent in gniform distribution of lattice spacings essentially leads to a
shrinking of the lattice structure as a whole. This contractiondecrease of the Bragg diffracted signal. However, this effect
should show upasa minute deviation of the measured Braggan be neg|ected with respect to the Debye-Wa”er factor
angle from the one calculated without including the backacsince the average reduction of the lattice spacing is much

tion of the atoms on the lattice fie[&q. (1)]. By recording  smaller than the mean position spread of the localized atoms
the total Bragg diffracted power versus the angle of inci-(5R~ 140 nm.

dence(as described in detail in Sec. IV) Bor different val- To answer the question whether there are identifiable ef-
ues of the atomic density one is thus able to measure thects of the atomic localization on the observed shift of the
corresponding change of the lattice constant. Bragg angle we specialize E€) to the case of our six beam

To vary the density the lattice is filled at a maximum pright optical lattice introduced in Sec. 1l B. We wrifé in
denSity limited by the MOT(remember that the MOT is terms of its Component&(+) and @ for o7 ando™ po-
operated in the density-limited regiméVe then let the lat- |arized light, respectively. We expect two types of coherent
tice expand for approximately 100 ms, which naturally leadsscattering contributions, i.e., backward scattering and 90°
to a decrease of the density. During this interval a series ojmg|e scattering which scale with two different Debye-
angular spectra is recorded. For every spectrum the Bragga|ier factors By = exp(— 2k25R2) and Bgy= exp(— CoRD).

angle is determined to within better than A6ad by fitting @  For the index of refraction experienced by either of the
Gaussian to the spectrum. This means that we are sensitive jpeg propagating within they plane we obtain

changes of the lattice spacing as smalk&s pm. The num-

ber of trapped atoms is determined for each individual spec- n.—1=1g 14 B+ 4 Ban)

trum as described in Sec. IV D. By means of Egb) the i zeoel(1+ Bo+4fso) )
diameterD of the atomic sample is deduced from the width +(1+Bo—2Bg) ()] (129
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The sign in front of the Debye-Waller factors stems from themodes”) [42]. Results on oscillations in the position spread
constructive and destructive interference, respectively, of thafter nonadiabatic changes of the potential have recently
o" ando~ components of the lattice beams at the locationbeen observed by 44 7] and independently by other groups
R. Because the trapped atoms are assumed to be completg¢hp—54.

optically pumped into the outermost Zeeman component we The interpretation of our data was based on a simple
may assume thadk(., is considerably larger thaa_y and  model assuming a thermal distribution of population among
Eqg. (124 reduces to its first term. Similarly, we find that the the vibrational states. This assumption has been proven rea-
index of refraction for either of the circularly polarized lat- ggnaple for bright optical lattices, but it breaks down in the

tice beams along theaxis is given by case of dark optical lattic§d45]. Evidence for a nonthermal
distribution has already been given since most of the popu-
=1
n,—1=3600(1+ o+ 4B a+). (12D |ation is found in the vibrational ground std&5,56. In this

If two classes of lattice sites exist as in antiferromagneti-case’ our model may still be applied since the contribution of

cally ordered optical latticeg34,8] the preceeding analysis the small pqrtmon n hlgher bqund .states does not. signifi-
can be easily extended by treating both lattices indeloen(;antly contribute to the diffraction signal due to their large

dently and summing over the corresponding contributionsPOSition spread. The extension of the wave packet in(&q.

One can then apply our model to the four-beam field conthen has to be replaced by the ground-state extension result-

figuration used in the Bragg experiment in Gaithersfiglg "9 in a better Iocalizatiqn and t.hus a [arger Debye-Waller
We find n—1=3$e,0(1+3Bg0) (a(+)+ @(-)), which repro- factor as compared to bright optical lattices.
duces the result used in R¢8]. Since Bragg diffraction relies on elastic Rayleigh scatter-
To apply Eq.(12) to the nonuniform density distribution ing from the localized atoms it is especially suited as a non-
in our experiment we replace the densityby the average destructive detection method for the new kind of optical lat-
density ¢ defined byo=[02d% / [od3. For a Gaussian tices in far-detuned fields, which have recently been
distribution, the average density is related to the peak densitjemonstrated56-5g. Conventional probe transmission is
by E:QO/Z\/E The Debye-Waller factorg, and g, are not suited here since the large detuning of the lattice field

calculated by taking the position spread from the data pre!:eSl'ﬂtS in very small Raman transition rates, and charac_ter-
sented in Sec. IV C. For the vibrational frequency of 80 kHzlZation methods employed up to now have been destructive.

we measuredR=0.18, and thusn—1 is expected to be Directly after I_oading the atoms into the Iattice_ one may
enhanced by a factor 64 as compared to the value for a follow_the formation of Iong-rgnge order by (_)bs_ervmg atem-
disordered gasf,= Bs,="0) at the same density. In Fig. 13 Poral increase of the Bragg signal. By monitoring the accep-
we have plotted the shift of the Bragg angle as a function ofance angle as a function of time it will be possible to study
density as expected from E€L2). In one case we have ne- atomic transport in opticgl lattices. Spatial diffusion is pre-
glected the contribution of the localization to the refractivedicted to be anomaloud.evy flightg for certain lattice pa-
index (dotted ling, in the other case we have included the rameters[46]. Previous experiments seem to indicate such
actual position spreattashed ling The corresponding cal- non-Brownian atomic diffusiori10]. Another approach to
culated values for the angle shifts are @0 ¢ cmp,  diffusion processes in optical lattices might be the investiga-
without and 5.6 10”16 cm®g, with taking into account the tion of intensity correlations in Bragg diffracted light. Time
enhancement due to the localization of the atoms in the latscales during which the atoms are bound at a particular site
tice. Within the experimental uncertainties given by thebefore hopping to another well should become apparent. An
shaded area in Fig. 13, our data thus show clear evidence fesiperiment along these lines was recently published investi-
the enhancement of the refractive index due to the strongating atomic transport in optical lattices through intensity

localization of the atoms. correlations in the fluorescend®0]. Similar experiments
employing Bragg-diffraction would promise much increased
V. DISCUSSION signal to noise.

. : o : On the other hand, fundamental processes in the light-
Bragg diffraction has opened new insights into the PIOP matter interaction can be studied. As an example, we have
erties of light bound atomic lattices. We have demOnStrateC(ijemonstrated how the presence 6f localized atom,s modifies
anin situ method which provides a powerful diagnostic tool . ne p .
for their characterizatiofextension of the long-range order, the index Of_ refraction an_d thus the latiice constant._ Our
position spread of the bound wave packets, number of ofl0odel described the localized atoms as a medium with an
dered atom)s One can now search for additional correlations€ffective refractive index taking into account only lowest-
in the spatial density distribution of the atoms which may,order scattering theory. Yet it is still unclear how mutual
e.g., indicate optical bindinf4]. In view of the reasonable interactions between the atoms might modify the lattice
experimental effort our method may also prove useful forstructure and the long-range properties of optical lattices. It
applications in atom lithography employing optical lattices Seems possible to enter the regime of multiple light scatter-
[50,51. ing by operating dark optical lattices at high filling rates

The direct determination of the Debye-Waller factor from which will offer an intriguing application of Bragg scattering

the comparison of two different Bragg spots enables one tin the search for such modifications of the lattice structure. In
measure the position spread of the atomic wave packet ithis regime, the periodic arrangement of cold atoms in the
real time. This offers the opportunity to aim for nonclassicalnear resonant light field also provides a unique model system
parametric motion in the potential well§‘breathing  suited to search for photonic band gdg§,61.
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